Introduction
============

Glioma is a malignant tumor of the brain and spinal cord (most commonly the brain) which shows a high rate of recurrence even after standard anti-cancer therapy including surgery, radiotherapy, and chemotherapy. Though various advanced therapies have been suggested in addition to standard therapy, these have shown only a modest therapeutic effect. Therefore, glioma remains a malignancy with a high mortality rate, and one that is not easily cured. [@B1], [@B2] In this regard, new strategies for glioma therapy are eagerly awaited. [@B3], [@B4] Most failures in glioma treatment are related to the invasive nature of glioma, inefficient drug-delivery and/or dose-limiting toxicities. [@B5], [@B6] To reduce the side effects from the treatment, the use of \'suicide\' (apoptosis-causing) genes combined with a prodrug have been suggested as an alternative option. [@B7], [@B8]

Cytosine deaminase (CD), which is expressed in bacteria and fungi but is not expressed in humans, can de-aminate non-toxic 5-Fluorocytosine (5-FC) into the toxic 5-Fluorouracil (5-FU) frequently used in anti-cancer therapy. Compared to other enzyme/prodrug systems, CD/5-FC is an attractive suicide gene for cancer therapy, because freely diffusible 5-FC has strong anti-cancer effects. [@B10], [@B11] Recently, tumor-specific delivery of the CD gene as well as tumor tropism of stem cells have been extensively studied [@B12], [@B13].

Unlike viral vector-mediated conventional suicide gene therapy, stem cell-mediated suicide gene therapy can ablate therapeutic stem cells after treatment with prodrug. Therefore, any potential safety risks from insertional mutation caused by the genetically modified therapeutic stem cells may be diminished by cell self-destruction. Since the cell membrane is highly permeable to 5-FC and 5-FU by simple diffusion, cytotoxic effect can easily propagate to the neighboring tumor cells. This \'bystander\' effect targets tumor cells present in the vicinity of the therapeutic stem cells. Aboody et al. has shown preclinical results from combination therapy with neural stem cells-mediated CD gene and 5-FC, which led to the approval of a human trial for the treatment of recurrent high grade gliomas [@B14], [@B15]. Instead of neuronal stem cells (NSCs), Suh-Kim et al. have suggested that mesenchymal stem cells (MSCs) could be used as a vehicle to deliver CD gene to brain tumors [@B16], [@B17]. Compared to NSCs, MSCs can be easily isolated from bone marrow and adipose tissues of patients, are highly proliferative, and therefore can be expanded *in vitro*suggesting the possibility of MSCs\' production at an industrial scale as a cell therapeutic agent. Furthermore, the lack of human leukocyte antigen, antigen D related (HLA-DR) on MSCs reduces their immunogenic property contributing to a reduced immune rejection response after allogeneic injection of therapeutic MSCs [@B17], [@B18].

General regimens for treating GBM patients with chemo-radiotherapy do not take into consideration inter-patient variability in the expression of specific target genes [@B19], [@B20]. Considering the invasive nature of GBMs and their almost inevitable recurrence, application of MSC/CD therapy to recurrent gliomas appears to be a plausible strategy. However, cell therapy is costly and carries with it the possible risk of other side effects; hence, the candidate recurrent glioma patients to receive this advanced therapy should be carefully selected. Identification of a prognostic biomarker would therefore be critical in tailoring MSC/CD with 5-FC therapy to specific patients who are likely to benefit from it. To search for a possible prognostic marker for MSC/CD with 5-FC therapy, we investigated the correlation between the therapeutic effect of MSC/CD with 5-FC and the expression levels of genes related to 5-FU metabolism in gliomas.

In this study, we evaluated sensitivity and therapeutic efficacy of MSC/CD with 5-FC treatment in established glioblastoma cell lines as well as in primary cells from GBMs acquired from patients. We then selected the most effective cell line that displayed a low expression level of dihydropyrimidine dehydrogenase (DPD). By taking advantage of multimodal imaging systems including Positron Emission Tomography (PET), Magnetic Resonance Imaging (MRI), Magnetic Resonance Spectroscopy (MRS) and Bioluminescence Imaging (BLI), we also evaluated the therapeutic effect of MSC/CD with 5-FC treatment using an orthotopic mouse model to prove its feasibility.

Results
=======

Changes in gene expression in gliomas after standard chemo/radio-therapy
------------------------------------------------------------------------

The standard therapy for malignant gliomas comprises radiation and temozolomide (TMZ) treatment following surgical resection. We performed microarray analysis to investigate the molecular alterations in gliomas that ensue in response to this conventional therapy. Gliobastoma cell lines, U87MG and U373 were chosen because they have been most frequently used to show a therapeutic benefit from the combination therapy of TMZ and radiation [@B20]. We also included primary cells from a GBM patient before (GBM28) and after (GBM37) standard therapy. Microarray results demonstrated higher expression of genes related to DNA damage repair in all three cases, i.e. in U87MG, U373 and GBM37 (Figure [1](#F1){ref-type="fig"}A).

5-FU cytotoxicity- and metabolism-related alterations in gene expression in glioma cells
----------------------------------------------------------------------------------------

To explore the possibility of using 5-FU as a plausible agent targeting DNA damage in recurrent glioma treatment, as was evident by the microarray analysis, we evaluated the anti-cancer effect of 5-FU in four glioma cell lines and primary glioma cells. Reporters-expressing glioma cells (Figure [S1](#SM1){ref-type="supplementary-material"}) were used for visualizing the cytotoxicity of 5-FU on glioma cells. Though the viability of all four glioma cells decreased in a concentration-dependent manner, 5-FU was more toxic to U87MG than to U373 or to the two primary glioma cells, GBM28 and GBM37 (Figure [1](#F1){ref-type="fig"}B & 1C).

DNA break-inducing 5-FU toxicity is caused by the collapse of stalled replication forks and is closely related to its metabolism. Using microarray analysis, we compared the expression level of each enzyme known to be involved in the metabolism of 5-FU. Among these, the expression of 5-dihydropyrimidine dehydrogenase (DPD) showed an inverse relationship with 5-FU sensitivity (Figure [1](#F1){ref-type="fig"}D). U373 cells, which are less sensitive to the therapeutic effect of 5-FU, showed a relatively higher gene expression of DPD than other glioma cells. There was no change in the expression of thymidylate synthase (TS) and thymidine phosphorylase (TP) genes, which are also involved in the metabolism of 5-FU.

5-FU cytotoxicity and DPD gene expressions in various glioma cells
------------------------------------------------------------------

To evaluate the variable sensitivity of glioma cells to 5-FU, we performed the CCK-8 assay in a larger panel of five established glioma cell lines and 10 primary glioma cells derived from patients (Figure [2](#F2){ref-type="fig"}A&B). In particular, we investigated the relationship between 5-FU sensitivity and the expression level of DPD by performing the real-time quantitative PCR (Figure [2](#F2){ref-type="fig"}C & D). Our results indicate that DPD-deficient glioma cells were more sensitive to 5-FU treatment than DPD-high U373 cells, indicating that increased expression of DPD might be the underlying mechanism for inhibiting the 5-FU toxicity. To support this hypothesis, we tested whether inhibition of DPD by siRNA might increase 5-FU toxicity in U373 cells. Upon treatment with DPD siRNA, U373 cells became sensitive to 5-FU (Figure [2](#F2){ref-type="fig"}E). In addition, we evaluated the effect of DPD over-expression on 5-FU sensitivity in DPD-deficient U87MG. As shown in Figure [2](#F2){ref-type="fig"}F, over-expression of DPD increased the survival rate of U87MG after 5-FU treatment. These results implied (or strongly suggested) that 5-FU is an efficient chemotherapeutic agent in DPD-deficient gliomas.

Characterization of MSC/CDs
---------------------------

Since we anticipated that suicide gene therapy using CD-expressing MSCs with prodrug 5-FC may be a better option for the gliomas resistant to conventional therapy, we introduced MSC/CDs [@B16], [@B17] in two glioblastoma cell lines and cells derived from a GBM patient (U87MG, U373, GBM28, GBM37). Our strategy was to use the tumor targeting property of MSC/CDs as well as the bystander effect generated by MSC/CDs by converting the non-toxic prodrug 5-FC to toxic 5-FU (Figure [3](#F3){ref-type="fig"}A).

Both mRNA and protein levels of CD were monitored in MSC/CD cells. Normal (i.e. naïve) MSCs do not express CD, but the enzyme was expressed in gene-transduced MSCs (MSC/CDs) (Figure [3](#F3){ref-type="fig"}B). Since we introduced reporters in stem cells for visualization (Figure [S2](#SM1){ref-type="supplementary-material"}), we could validate that stem cell characteristics of MSC/CDs were unchanged (Figure [3](#F3){ref-type="fig"}C). Preservation of stem cell characteristics in the CD-transduced MSCs was described in an earlier report [@B17]. Stem Cell characteristics were evaluated by monitoring the expression of CD29 (Integrin protein), CD44 (hyaluronate receptor), CD105 (endoglin protein), CD34 (hematopoietic progenitor cell marker), and CD45 (leukocyte common antigen) markers.

The ability of MSC/CDs to convert 5-FC to 5-FU was evaluated using magnetic resonance spectroscopy (^19^F-MRS). The chemical shift from 5-FC to 5-FU was only observed in MSC/CD culture media, indicating that MSC/CD could convert prodrug 5-FC into 5-FU in vitro (Figure [4](#F4){ref-type="fig"}A).

Next, we evaluated the suicide effect of the MSC/CD cells after treatment with prodrug 5-FC. As shown in Figure [4](#F4){ref-type="fig"}B, the viability of MSC/CD cells decreased with increasing 5-FC concentration. In contrast, treatment with 5-FC had no suicide effect on naïve MSCs (without CD expression). This result confirms that prodrug 5-FC was cytotoxic only to CD-expressing cells.

To determine the bystander effect of MSC/CD, therapeutic MSC/CD cells were co-cultured with the same number of luciferase reporter-expressing glioma cells with different 5-FC concentrations. The viable glioma cells were measured by luminescence intensity. Figure [4](#F4){ref-type="fig"}C shows that the survival rate of glioma cells co-cultured with MSC/CDs decreased in a 5-FC concentration-dependent manner. At a concentration of 10 µM of 5-FC, DPD-deficient U87MG, GBM28, GBM37 showed significant reduction of their survival compared to U373. Moreover, the survival rate between DPD-high U373 cells (34.9%) and DPD-deficient U87MG cells (17.5%) was significantly different when they were exposed to 50 µM of 5-FC. At a concentration of 100 µM of 5-FC, less than 10% of all three DPD-deficient glioma cells survived in all of the gliomas. This result supports the conclusion that DPD-deficient U87MG is more susceptible to MSC/CD therapy than DPD-high U373.

To determine the optimal number of MSC/CDs needed for therapeutic efficacy, various ratios of MSC/CD to reporter-expressing glioma cells were co-cultured. The survival of glioma cells was monitored by luminescence (Figure [S2](#SM1){ref-type="supplementary-material"}). At a 1:1 ratio of MSC/CDs to glioma cells, MSC/CD therapy showed an anti-cancer effect on all glioma cells when 100 µM of 5-FC was used. At a 1:3 ratio of MSC/CDs to glioma cells, less than 20% of DPD-deficient glioma cells (U87MG, GBM28, and GBM37) survived. On the other hand, U373 cells showed 41% survival. At a 1:9 ratio of MSC/CDs to glioma cells, half of the DPD-deficient U87MG cells were killed when 100 µM of 5-FC treatment was used (Figure [4](#F4){ref-type="fig"}D). As expected, co-cultured MSC/CDs with various glioma cells showed a variable degree of therapeutic effect dependent on the level of DPD expression. DPD-deficient U87MG cells were most sensitive to MSC/CD therapy with 5-FC treatment.

Conversion of 5-FC to-5-FU in the *in vivo* mouse model was also confirmed with ^19^F-MRS. The 5-FU peak gradually increased within 10 min following 500 mg/kg of 5-FC administration by intraperitoneal injection (Figure [4](#F4){ref-type="fig"}E). After U87MG cells had been transplanted into the right cranium of mice, luciferase-expressing MSC/CD cells were inoculated into the left side of the mice brain to test the tumor-targeting property of MSC/CDs. Four weeks later, 55.4% of MSC/CD cells had migrated to the tumor region (Figure [4](#F4){ref-type="fig"}F), indicating that MSC/CDs have the ability to target the tumor.

Therapeutic effect of MSC/CD and 5-FC on the orthotopic glioma model
--------------------------------------------------------------------

To evaluate the therapeutic effect of MSC/CD with 5-FC on pre-existing glioma, we transplanted MSC/CD cells 4 days after U87 tumor cell inoculation. As visualized with PET (^11^C-MET), MRI, and BLI imaging, the growth of glioma was dramatically suppressed by MSC/CD with 5-FC therapy (Figure [5](#F5){ref-type="fig"}A). MRI and PET fused images provided a combined biological and anatomical picture of the glioma. Tumor development was measured by changes in tumor volume, bioluminescent intensity (total flux) and Standardized Uptake Value (SUVmean). The results showed that MSC/CD with 5-FC therapy successfully suppressed tumor growth (Figure [5](#F5){ref-type="fig"}B). The size of the tumors in the control group gradually increased after 3 weeks, but tumor growth in MSC/CD therapy group was dramatically suppressed until after 4 weeks (Figure [S3](#SM1){ref-type="supplementary-material"}). Kaplan-Meier survival analysis revealed prolonged survival in the MSC/CD therapy group compared with the control group (Figure [5](#F5){ref-type="fig"}C). Histological analysis of brain tissue showed that the proliferation, as represented by Ki-67 tumor marker, was greatly increased in the control group compared to the MSC/CD therapy group. TUNEL assay revealed that more apoptosis had occurred in the MSC/CD therapy group compared to the control group (Figure [5](#F5){ref-type="fig"}D). Taken together, these results indicated that MSC/CD with 5-FC therapy had effectively suppressed the U87MG tumor growth.

Discussion
==========

GBM belongs to a group of the most malignant brain tumors. Standard therapy for malignant gliomas includes radiation and chemotherapy with the alkylating/methylating agent TMZ following surgical resection. The therapeutic efficacy depends on radiation sensitivity and o-6-methyguanine-DNA methyltransferase (MGMT) gene expression in the target gliomas. However, inter-patient variability is not generally considered for glioma treatment. Most importantly, there is no other treatment option for recurrent gliomas. Primary factors contributing to the failure of treatment are the invasive nature of the tumor, inefficient drug delivery, and the dose-limiting toxicity of treatment. Development of a more effective strategy is therefore desired to improve drug delivery and to reduce toxicity.

In an effort to develop new strategies for recurrent gliomas, we performed microarray analysis of GBMs following the conventional chemo-radiation therapy. Our analysis showed increased gene expression related to DNA damage repair, suggesting a requirement of DNA-targeting strategy for recurrent gliomas. Based upon these observations, we proposed stem cell-mediated enzyme/prodrug therapy for gliomas which would be more efficient in a subset of tumors with enhanced DNA damage repair capability. Our proposed approach would also overcome the delivery and toxicity issues associated with the conventional treatment of gliomas.

Our strategy is based upon the conversion of non-toxic 5-FC to cytotoxic 5-FU by the CD- expressing MSCs. Since it was first synthesized in 1957, 5-FU has become one of the most frequently used first-line drugs in the treatment of various cancers. Even though the enzymatic conversion of 5-FU from 5-FC and its metabolites are well-known, the actual mechanism(s) of 5-FU cellular toxicity remain poorly understood. It has been suggested that 5-FU inhibits thymidylate synthase (TS) to induce the stalling of the replication fork and increased mis-incorporation of nucleotides. Subsequently, excision of mis-incorporated nucleotides from DNA takes place leading to DNA breaks. Among the 5-FU metabolism-related enzymes, DPD and TP are recognized as important [@B32]. Our data showed that the expression of DPD, which depletes 5-FU by metabolizing 5-FU to α-fluoro-β-alanine (F-β-Ala), was inversely related to 5-FU toxicity (Figure [1](#F1){ref-type="fig"} & [2](#F2){ref-type="fig"}). We tested 15 different glioma cells, 10 from patients and 5 from established glioma cell lines, by real-time PCR to evaluate the level of DPD expression. Though the viability of all glioma cells decreased by 5-FU in a concentration-dependent manner, 5-FU was shown to be more toxic to DPD-deficient U87MG than to other glioma cells. On the contrary, U373 cells with high DPD expression showed the least therapeutic response to MSC/CD prodrug therapy.

Over the last few decades, the cell-based approach to cancer therapy has been extensively studied using therapeutic genes such as HSV-TK, TRAIL, and others [@B21]-[@B24]. However, in their clinical application, one of the problems of these strategies is that the genetically-manipulated cells remain in the patient after therapy. In this study, we showed that MSC/CDs mediate the cytotoxicity via 5-FC conversion to FU to influence not only the MSC/CDs themselves (i.e. the suicide effect) but also the surrounding glioma cells through the bystander effect (Figure [4](#F4){ref-type="fig"}B & 4D). This indicates that the risk of using genetically-manipulated cells in clinical applications can be avoided by using cytosine deaminase, as the therapeutic cells could otherwise be depleted by the suicide effect. For safety issues, our previous study demonstrated that retroviral-infected MSCs maintain their original properties as well as genetic stability [@B17]. In addition, we also monitored tumorigenesis of retroviral-infected MSC cells (MSC/CD). During 24 weeks, there was no sign of tumorigenesis from MSC/CDs (Figure [S4](#SM1){ref-type="supplementary-material"}).

Our therapeutic strategy is to inhibit tumor recurrence after conventional therapy. Implanted MSC/CDs would localize to residual and invasive brain tumor foci after the tumor resection and convert prodrug 5-FC to 5-FU at the tumor site. Thus, the undesirable side effect can be minimized. Besides the observation of neural progenitor cell migration to tumor lesion across the corpus callous [@B36], there is growing evidence that MSCs can migrate to the tumor and the injury site [@B25]-[@B27]. Molecular factors behind MSC migration to the tumor have been revealed as the stromal cell derived factor-1(SDF-1), the platelet-derived growth factor-AB (PDGF-AB), members of the CCR family, and others [@B28]-[@B31]. Since the tumor environment provides sufficient chemo-attractants, tumor tropism of MSC/CDs was clearly observed in an orhtotopic mouse model (Figure [4](#F4){ref-type="fig"}F). Because 5-FC is a promising prodrug with limited toxicity only in the CD expressing cells, our therapeutic MSC/CDs, which have effective tumor-targeting ability, could greatly reduce normal brain damage.

Though MSC/CD with prodrug therapy has a great potential in the treatment of gliomas, the treatment is very costly, and there is also a possible risk of side effects or complications. Furthermore, to establish more effective therapeutic strategies, it is important to identify those glioma patients who may possibly benefit from a particular treatment. For example, identification of potential prognostic markers for MSC/CD with 5-FC therapy would be critical for selecting glioma patients who may benefit from this treatment strategy. Our results have identified DPD as a potential biomarker to predict the therapeutic efficacy of MSC/CD with 5-FC therapy. Considering the ability of DPD to deplete 5-FU, it is reasonable to expect that DPD-deficient tumors would be more sensitive to the MSC/CD with 5-FC therapy and patients with DPD-deficient gliomas may show a better response to MSC/CD therapy with 5-FC. To select patients who would possibly benefit from MSC/CDs with 5-FC treatment, the DPD levels should be measured with real-time PCR following the surgical biopsy. Further optimization of the treatment regimen, for instance, 5-FC dose or frequency of treatment with the therapeutic MSCs and 5-FC, could enhance the therapeutic effect.

Conclusion
==========

In this study, we proposed MSC-mediated prodrug therapy to target DNA damage for the treatment of recurrent gliomas after conventional therapy. We showed that therapeutic MSC/CD cells have the ability to convert prodrug 5-FC to toxic 5-FU and successfully target gliomas to suppress tumor growth. Since the higher therapeutic efficacy of MSC/CDs with 5-FC treatment was observed in DPD-deficient gliomas, DPD can be a useful biomarker to select the group of patients who may potentially benefit from MSC/CD with 5-FC therapy.

Materials and Methods
=====================

Cells
-----

Human glioma cell lines (U373, U87MG, T98, U251, and U138) were purchased from ATCC (American Type Culture Collection, Manassas, VA, USA) and Sigma-Aldrich Korea (Youngin, Korea). The glioma cells were maintained in Minimum Essential Medium (Welgene, Worcester, MA, USA) containing 10% fetal bovine serum and 1% antibiotic-antimycotic solution (Gibco, Gran Island, NY, USA). Primary glioma cells (GBM1, GBM13, GBM28, GBM37, GBM67, GBM77, GBM105, GBM121, GBM170, and GBM211) were obtained from patients after surgery and expanded with the approval of the Institutional Review Board of Seoul National University Hospital (IRB No. 1009-025-331). Primary glioma cells were maintained in Dulbecco\'s modified Eagle\'s medium (Welgene, Worcester, MA, USA) containing 10% fetal bovine serum and 1% antibiotic-antimycotic solution (Gibco, Grand Island, NY, USA). All cells were incubated at 37℃ in a humidified atmosphere containing 5% CO~2~.

For microarray analysis, U373 and U87MG cells received TMZ in a dose of 50 mM for 2 hours and were exposed to 2Gy radiation using a ^137^Cs irradiator at 4 Gy/min (CIS Bio International, Cedex, France). GBM28 cells were isolated from a surgical biopsy from a patient, and GBM37 cells were isolated from recurrent glioma from the same patient after standard therapy of TMZ (150mg/ m^2^/d, oral for 5d, 4 week cycle) and gamma knife radiation (1.8Gy, 5d/w for 7 weeks).

Primary human MSCs obtained from the iliac crest bone marrow of healthy donors were isolated with the approval of the Institutional Review Board of Ajou University Medical Center (IRB No. 00002500) and cultured as previously reported [@B16], [@B17]. The CD gene from *E.coli* K12 MG1655 (KRIBB, Daejon, Korea) [@B17] was stably transfected with the retroviral vector into the human MSCs. The transfected cells were cultured in Dulbecco\'s modified Eagle\'s medium (Welgene, Worcester, MA, USA) containing 10% fetal bovine serum and 1% antibiotic-antimycotic solution (Gibco, Grand Island, NY, USA). All experiments were performed at cell passage \<9.

For optical imaging, glioma cells and MSCs were stably transfected with pMSCV-Luc-IRES-eGFP (luciferase bioluminescence/green fluorescence) or pMSCV-Luc-IRES-tdTomato (luciferase bioluminescence/red fluorescence) reporter constructs.

Microarray analysis
-------------------

Total RNA was extracted form glioma cells (U8MG, U373, GBM28, and GBM37) with TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer\'s protocol. The transcriptional profiles of glioma cells were characterized by oligonucleotide microarray analysis, using MA-human Agilent 44K (Agilent Technology, Santa Clara, CA, USA). Global median normalization was performed to analyze one channel microarray data by GeneSpring GX 7.3 (EBIOGEN, Seoul, Korea) [@B33].

To define DNA expression patterns of glioma cells, four glioma cells (U373, U87MG, GBM28, and GBM37) were clustered together by DNA repair-related genes and 5-FU metabolism-related genes such as dihydropyrimidine dehydrogenase (DPD), thymidine phosphorylase (TP), and thymidylate synthase (TS) using a TIGR MultiExperiment viewer (Mev4.8.1, <http://tm4.org/mev>/). A heat-map represented the expression levels of genes in 4 different glioma cells. Hierarchical clustering was performed grouping clusters according to their similarities in gene function representation using the MeV software program. Each cluster was determined by hierarchical clustering algorithms with Pearson correlation as a similarity measurement for each cluster.

Bioluminescence imaging
-----------------------

Luciferase-expressing glioma cells (U87MG\*, U373\*, GBM28\*, and GBM37\*) and MSC (MSC\* and MSC/CD\*) cells were plated in a 24-well plate at concentrations ranging from 0.9 to 30 x 10^4^ cells. After addition of D-luciferin (30 µg, Caliper Life Sciences, Hopkinton, MA, USA) to the media, bioluminescence images were captured by IVIS 100 system (Caliper Life Sciences, Hopkinton, MA, USA). Correlations between cell numbers per well and bioluminescence intensity were measured by Living Image, version 2.50.1 (Xenogen, Alameda, CA) and IGOR, version 4.09A (WaveMetrics, Portland, OR) image analysis software.

Confocal microscopy
-------------------

GFP expression of glioma cells and tdTomato expression of MSCs were detected by confocal microscopy using an LSM510 META confocal microscope (Carl Zeiss Inc., Oberkochen, Germany) with a 40x magnification. Excitation light was generated by diode and a helium-neon laser. Cells were fixed for 10 min with 3.7% paraformaldehyde (USB, Cleveland, OH, USA), washed with PBS, and mounted with ProLong Gold (Invitrogen, Carlsbad, CA, USA) anti-fading reagent.

5-FU cytotoxicity assay
-----------------------

Glioma cells were seeded in a 96-well plate at a concentration of 5000 cells/well. After 24 hours, the medium was replaced with fresh medium with or without 5-FU (0, 1, 4, 8 μM). The cells were further incubated for 72 hours following which 5-FU toxicity was examined using a Cell Counting Kit (CCK-8, Dojindo Molecular Technologies, Kumamoto, Japan) according to the manufacturer\'s protocol. Pre-warmed CCK-8 solution (10μl) was added to each well and incubated for 4 hours. The absorbance at 450 nm was measured using a microplate reader. Six wells were counted for each 5-FU concentration (N=3).

RT-PCR and Real-Time PCR
------------------------

To determine the mRNA expression of CD and 5-FU metabolism-related genes in the cells, RT-PCR and real-time PCR were performed. Total RNA was extracted with TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer\'s protocol. cDNA was synthesized using 1 µg of total RNA and a cDNA synthesis master kit (Genedepot, Barker, TX, USA). PCR conditions were: 30 sec at 95℃ for denaturation, 40 sec at 58℃ for primer annealing, and 30 sec at 72℃ for primer extension. Primer pairs for RT-PCR were as follows: (CD forward - CAGTTGATGGGCTACGGG; CD reverse - TGGCTTCTGGCTGCTCC; DPD forward AGGACGCAAGGAGGGTTTG; DPD reverse GTCCGCCGAGTCCTTACTGA; GAPDH forward-TGAAGGTCGGAGTCAACGGATTTGGT; GAPDH reverse - CATGTGGGCCATGAGGTCCACCAC; β-actin forward TGACGGGGTCACCCAACTGTGCCCATCTA; β-actin reverse CTAGAAGCATTTGCGGTGGACGATGGAGGG). The PCR products were analyzed by 1.2 % agarose gel electrophoresis. Gene expression of DPD was measured by quantitative Real-time PCR using a 7700 ABI PRISM sequence detector system (Applied Biosystems, Foster City, CA, USA). PCR primers and fluorogenic probes for the DPD gene (Hs00559279_ml) and endogenous controls (Hs99999905_ml) were purchased as Assays-On-Demand (Applied Biosystems, Foster City, CA, USA).

Regulation of DPD expression
----------------------------

To reduce DPD expression, non-targeting control siRNA and DPD-targeted siRNA were purchased from Santa Cruz Biotechnology (Santa Cruz, Dallas, TX, USA). The U373 cells (1x10^4^/well in 12-well plates) were transfected with the 5nM siRNA for control (siCtr) or DPD (siDPD) using lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). After incubating for 72 hours, cells were washed and used for subsequent experiments.

For over-expression of DPD, pCMV6-DPD-GFP clones were purchased from Origene (Rockville, MD, USA). The U87MG cells (5x10^4^/well for 12-well plates) were cultured overnight and then transfected with 0.5 μg of vectors with lipofectamine 2000. Cells were washed after 48 hours of incubation and used for subsequent experiments.

Immunoblot assay
----------------

Cells were lysed in RIPA buffer (Sigma-Aldrich, St Louis, MI, USA) with protease inhibitors (Qiagen, Hilden, Germany). Proteins (20 µg) were separated by SDS-PAGE gel electrophoresis and transferred to polyvinylidene difluoride membrane (Millipore, Billeroca, MA, USA). The membranes were incubated with antibodies specific to CD (obtained from Dr. Suh-Kim, Aju University, Korea), DPD (Cell Signaling, Beverly, MA, USA), and β-actin (Sigma-Aldrich, St Louis, MO, USA). Membranes were then treated with HRP conjugated anti-rabbit (Cell Signaling, Beverly, MA, USA) or anti-mouse (Invitrogen, Carlsbad, CA, USA) secondary antibody. The specific proteins were visualized by chemo-luminescence (Roche, Indianapolis, IN, USA) according to the manufacturer\'s protocol and detected with LAS-3000 (Fuji Film, Stockholm, Sweden).

FACS analysis
-------------

Naïve MSCs and gene-manipulated MSCs (MSC/CD, MSC/CD\*) were washed with 2% FBS/phosphate-buffered saline (PBS) and incubated at 4℃ for 30 minutes with 5 µl of monoclonal antibody specific for CD 29, CD44, CD105, CD34, and CD45 (BD Biosciences, San Jose, CA, USA). Unstained cells were used as controls. FACS Canto II (BD Biosciences, San Jose, CA, USA) was used for cytometry analysis.

5-FC cytotoxicity assay
-----------------------

To validate the suicide effect of MSC/CD with 5-FC, luciferase-expressing MSC\* and MSC/CD\* cells were seeded at a density of 1x10^4^ cells/well in 24 well plates with increasing concentrations of 5-FC (Kolon Life Science, Gyeonggi, Korea).

To validate the bystander effect, luciferase-expressing glioma cells (U373\*, U87MG\*, GBM28\*, and GBM37\*) were seeded in 24 well plates at a density of 1x10^4^cells/well. Same number of MSC/CDs (1x10^4^cells/well) were co-cultured in the media with increasing doses of 5-FC (0, 10, 50, 100, 100 nM).

To evaluate the effect of the tumor to MSC/CDs ratio, 1x10^4^cells/well of glioma cells were mixed with different numbers of MSC/CDs (1, 1/3, 1/9, 1/27 of 1x10^4^cells) and each glioma-MSC/CD mixture was seeded in a 24 well plate. 5-FC was added to a final concentration of 100 µM.

To measure the number of viable cells, 30 µg of D-Luciferin (Caliper Life Sciences, Hopkinton, MA, USA) was added to each well. Bioluminescence signal from viable cells was acquired for 5 seconds with IVIS 100 system (Caliper Life Sciences, Hopkinton, MA, USA) and analyzed with Living Image, version 2.50.1 (Xenogen, Alameda, CA) software.

^19^F-MRS measurement
---------------------

For in vitro ^19^F-MRS experiments, MSC and MSC/CD cells (1 x 10^5^) were grown in 6 well plates. Cells were then incubated in growth medium containing 100 μM of 5-FC (Kolon Life Science, Gyeonggi, Korea). After 24 hours, conditioned media were collected and analyzed using 9T (375.567 MHz) Agilent NMR spectrometer (Agilent Technologies, Santa Clara, CA, USA). Chemical phantom samples were constructed by diluting 5-FC (Kolon Life Science, Gyeonggi, Korea) and 5-FU (Sigma-Aldrich, MI, USA) to 200 uM each in 5ml of DMEM with 10% FBS. Spectra were acquired with a single pulse sequence whole region excitation with 11 min scan time (average 512). The ratio of peak intensities was measured using VnmrJ 3.2 version software program (Agilent Technologies, Santa Clara, CA, USA).

For in vivo ^19^F-MRS experiments, MSC/CD cells (1x10^6^) were subcutaneously injected into the right flank of mice. Serial ^19^F-NMR spectra were acquired every 8.5 min during 0 to 1.5 h (total repetition time, 500 ms; the number of averages, 1024; spectral width, 25 kHz; acquisition size, 2048 points) after administration of 5-FC (500 mg/kg, intraperitoneally). The chemical shift of the 5-FC resonance was set to 0 ppm and the 5-FU signal was observed at 1.2 ppm. The signal positions were verified with phantom samples of 5-FC and 5-FU in the culture medium which were described above.

Animal modeling
---------------

BALB/c nude mice (male, 6 to 8 weeks old) were used in accordance with the Institutional Animal Care and Use Committee of Seoul National University Hospital guidelines (IACUC No.; 10-0212). Mice were anesthetized with 1.5% isoflurane gas at a flow rate of 1.5L/min.

The intracranial tumor model in mouse brain was constructed as described previously [@B16]. U87MG cells (3x10^5^in 4 μl PBS) were transplanted into the right striatum (anteroposterior, +0.5; mediolateral, +1.8; dorsoventral, 3.0) with a Hamilton syringe (10 μl) at a rate of 0.25 ul/min using a stereotactic device (Stoelting, IL, USA).

To evaluate the tumor tropism, MSC/CD\* cells (3x10^5^ in 4 μl PBS) were inoculated into the left striatum 1 week after tumor inoculation. Migration of MSC/CD\* cells was monitored once a week with the bioluminescence imaging (BLI) and the tumor was monitored with MRI.

To evaluate the therapeutic effect of MSC/CD and 5-FC, MSC/CD cells (3x10^5^) were inoculated into the tumor lesion (in right striatum, intracranial tumor model described above) 4 days after U87MG inoculation. 5-FC (500 mg/kg) was injected intraperitoneally for 5 times a week. For the control group, only 5-FC was administrated in the tumor-bearing mice without MSC/CD inoculation (N=10 each, control and treatment group). The tumor growth of the orthotopic model was monitored and evaluated using BLI, MRI, and PET imaging.

Animal bioluminescence imaging
------------------------------

Before image acquisition, 3 mg of D-luciferin (Caliper Life Sciences, Hopkinton, MA, USA) was administrated by intraperitoneal injection (100 μl per mouse, 30 mg/ml with saline stock). Bioluminescence signals were collected at 10-30 min with maximum intensity using IVIS100 (Caliper Life Sciences, Hopkinton, MA, USA). The signals emitted from the animals were presented as pseudo-color spectra, ranging from red (maximum) to blue (minimum) based on their intensity. Gray-scale photographs of the mouse and corresponding pseudo-color images were superimposed with Living Image, version 2.12 (Xenogen, Alameda, CA, USA) and IGOR, version 1.24 (WaveMetrics, Portland, OR, USA) image analysis software. Signals emitted by regions of interest (ROIs) were measured and expressed as photon flux \[photons/sec/cm^2^/sr\], which refers to the photons emitted from a unit solid angle of a sphere. The background signal intensity was subtracted electronically for normalization both from images and from the measurements of photon flux.

Animal PET/CT
-------------

A small animal PET/CT scanner eXplore Vista-CT (GE Healthcare, Buckinghamshire, United Kingdom) was used for image acquisition. ^11^C-Methionine (^11^C-MET) was purchased from Seoul National University Cancer Hospital (Seoul, Korea) and injected intravenously at a dose ranging from 14 to 22.2 MBq per mice. Glioma images with ^11^C-MET as an amino acid tracer showed high sensitivity and specificity [@B34]. Static images were acquired for 10 min after tracer injection and CT was also performed for attenuation correction. Acquired images were reconstructed using an ordered subset expectation maximization (OSEM) algorithm. The value of standard uptake (SUVmean) was used to evaluate tumor growth [@B35] by the eXplore Vista/CT software program (GE Healthcare, Buckinghamshire, United Kingdom).

Animal MRI
----------

MRIs were acquired by SIMENS 3-tesler scanner with animal 6 channel coil (SIMENS, Berlin, Germany). T2-weighted turbo spin-echo sequences were collected for each mouse (TR = 3000 ms; TE = 100 ms; FOV = 35 x 35 mm^2^; thickness = 0.8 mm). These images were used to calculate tumor volume using Osirix 5.5 version software program (<http://www.osirix-viewer.com>/). The margins of the tumor were drawn in MRI images. The longest and shortest axes were measured to calculate area, and this number was multiplied by the thickness (0.8 mm) of the slides. The volume of each slice was added to generate total tumor volume. We fused the PET images with MR images using the OsiriX image processing software program.

Immunohistochemistry
--------------------

Glioma-bearing mice were sacrificed 4 weeks after tumor cell inoculation for histologic analysis. The brain was fixed in 10% formalin for 48 hours and embedded in paraffin. Tissue slices were stained with hematoxylin and eosin (H&E), Ki-67 (Invitrogen, Carlsbad, CA, USA) for cell proliferation, and terminal deoxyribonucleotidyl transferase-mediated dUTP nick end labeling (TUNEL assay kit, Millipore, Billeroca, MA, USA) for apoptotic activity.

Statistical Analysis
--------------------

All data were expressed as means ± standard deviation (SD). Statistically significant differences of all results were determined using the Student *t* test. Differences were considered statistically significant when *P* was \<0.05 (\*, *P*\<0.05; \*\*, *P*\<0.01; \*\*\*, *P*\<0.001).
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![**Analysis of gene expression and 5-FU sensitivity of glioblastoma cell lines and primary cells:**(A) Expression levels of genes related to DNA damage repair by MA-Agilent Human 44K v1 microarray: (B) *In vitro*cytotoxicity of 5-FU on gliomas; viable luciferase-expressing glioma cells were imaged with IVIS 100. (C) Cytotoxicity of 5-FU evaluated by bioluminescence imaging (D) Expression levels of genes related to 5-FU metabolism by microarray analysis.](thnov06p1477g001){#F1}

![**5-FU sensitivity and DPD expression in gliomas:**(A) 5-FU sensitivity in 5 established glioma cell lines and (B) 10 primary glioma cells from patients; CCK-8 assay was performed to measure cell survival following treatment with different concentrations of 5-FU. (C) Relative DPD expression in 5 established glioma cell lines and (D) 10 primary cells from patients. Real-time PCR was performed to measure DPD expression. The relative level of DPD expression of each glioma was compared with U87MG. (E) Effect of down-regulation of DPD on 5-FU sensitivity in U373 cells (high DPD-expressing cells). GAPDH was used as loading control. (F) Effect of up-regulation of DPD on 5-FU sensitivity in U87MG cells (low DPD-expressing cells). β-actin was used as loading control (\*, *P*\<0.05; \*\*, *P*\<0.01; N=3).](thnov06p1477g002){#F2}

![**Therapeutic strategy and characterization of MSC/CD:**(A) Strategy of MSC-mediated cytosine deaminase with prodrug therapy. (B) Cytosine deaminase expression of MSCs was validated by RT-PCR and immunoblot assay. β-actin was used as loading control. (C) Fluorescence-activated cell sorting analysis (FACS) was performed for characterization of stem cell marker expression on naive MSC and gene-manipulated MSCs. \* indicates luciferase reporter-expressing cells for bioluminescence imaging. Stem cell characteristics were evaluated by FACS analysis.](thnov06p1477g003){#F3}

![**Therapeutic effect of MSC/CDs by conversion of 5-FC to 5-FU and their tumor targeting property:** (A) *In vitro* 5-FC to 5-FU conversion by MSCs and MSC/CDs. Chemical shift from 5-FC to 5-FU was analyzed with ^19^F-MRS. (B) 5-FC-dependent suicide effect in MSCs and MSC/CDs. Viable MSC and MSC/CD cells were measured by bioluminescence. (C) 5-FC-dependent anti-cancer effect of MSC/CDs on gliomas. (D) MSC/CDs number-dependent anticancer effect on gliomas. Different ratios of MSC/CDs to glioma cells were co-cultured with 100 µM of 5-FC. (E) *In vivo* 5-FC to 5-FU conversion by MSC/CDs. MSC/CDs transplanted regions of 5-FC and 5-FU were analyzed by ^19^F-MRS. (F) The tumor targeting property of MSC/CDs in a mouse orthotopic glioma model. Luciferase-expressing-MSC/CDs were introduced into the left striatum of mice 1 week after transplantation of U87MG cells (right striatum). Tumor development and localization of MSCs were monitored using MRI and BLI.](thnov06p1477g004){#F4}

![**Therapeutic effect of MSC/CDs with 5-FC on the glioma orthotopic model:**(A) Tumor growth was visualized following therapy using MSC/CDs with 5-FC and monitored by PET (^11^C-MET), MRI and BLI. (B) Quantification of tumor volume (MRI), bioluminescent intensity (BLI) and SUV mean (PET) for each group, N=10 (C) Kaplan-Meier survival curves of mice in control and therapy groups. (D) Immunohistochemistry images of TUNEL (apoptosis) and Ki67 (proliferation) staining of each group (\*\*, *P*\<0.01; \*\*\*, *P*\<0.001; N=3).](thnov06p1477g005){#F5}
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